One contribution of 13 to a theme issue 'Physiological determinants of social behaviour in animals'. Low-oxygen areas are expanding in the oceans as a result of climate change. Work carried out during the past two decades suggests that, in addition to impairing basic physiological functions, hypoxia can also affect fish behaviour. Given that many fish species are known to school, and that schooling is advantageous for their survival, the effect of hypoxia on schooling behaviour may have important ecological consequences. Here, we review the effects of hypoxia on school structure and dynamics, together with the mechanisms that cause an increase in school volume and that ultimately lead to school disruption. Furthermore, the effect of hypoxia generates a number of trade-offs in terms of schooling positions and school structure. Field observations have found that large schools of fish can exacerbate hypoxic conditions, with potential consequences for school structure and size. Therefore, previous models that predict the maximum size attainable by fish schools in relation to oxygen levels are also reviewed. Finally, we suggest that studies on the effect of hypoxia on schooling need to be integrated with those on temperature and ocean acidifications within a framework aimed at increasing our ability to predict the effect of multiple stressors of climate change on fish behaviour.
Introduction
The main consequence of the continual development of human activities along major rivers, in estuaries and along the coasts has been the gradual increase in the amount of nutrients, such as nitrogen and phosphorous, being introduced into coastal marine ecosystems. This has resulted in a progressive rise in coastal eutrophication [1, 2] . Accordingly, the frequency and seriousness of hypoxic episodes reported in coastal environments are rapidly increasing [3] . With the progressive eutrophication of coastal areas, oxygen has become one of the main environmental factors regulating fish activity and distribution [4, 5] and the increase in hypoxic events and areas has become a major focus in the field of marine research. Although hypoxic waters in the world's oceans are found naturally, in the past few decades human activities have resulted in many more areas of hypoxia than have historically occurred, and these have aggravated conditions in areas that were already low in oxygen [3, [6] [7] [8] . Low-oxygen areas, also known as 'oxygen minimum zones' (OMZs, defined as the areas where subthermocline dissolved oxygen (DO) levels are less than or equal to 3.5 ml l 21 [9] ) have spread in the coastal oceans during the past six decades [9, 10] . Low-oxygen areas, however, are not restricted to coastal zones [9, 11] and it has been argued that the expansion of OMZs may reduce the available habitat of pelagic fishes such as tuna and billfishes [9] . Carbon dioxide-related climate change is increasing the extent and severity of both coastal and open-ocean hypoxia [10] . Ocean warming together with increased stratification and changing circulation is leading to declines in the oxygen levels of the oceans [12] . Hence, hypoxia can be considered one of the three main stressors of climate change, along with ocean warming and ocean acidification [10] .
Water has a low capacitance for oxygen and therefore oxygen can be depleted relatively quickly by aquatic organisms, especially in waters with poor mixing. Hypoxia varies naturally, both seasonally and over time, and this occurs when certain biological and chemical processes consume more oxygen than the total amount introduced into the water from the atmosphere plus that produced by algal or plant photosynthesis. In addition, temperature increases the metabolism of animals [13] . Therefore, a threatening future scenario is that of a warming world in which increased metabolism is not matched by an increased oxygen availability, and where, on the contrary, hypoxic episodes and hypoxic areas are increasing [10] .
Hypoxia is known to affect the behaviour and physiology of aquatic organisms with upstream effects on the whole aquatic ecosystem [5, [14] [15] [16] . Hypoxic events can induce shifts in spatial distribution and the structure of fish communities through direct mortality during extreme local events. Additionally, fish exposed to hypoxic conditions grow more slowly than in normoxia and their offspring are also negatively affected [17 -20] . Recent work has shown that the negative effects of hypoxia are transmitted across generations, even when offspring have not been exposed to hypoxia [21] . Behaviour may allow fish to reduce the negative effect of hypoxia, by modulating activity or by allowing fish to relocate to a more suitable area. Many fish species live in schools; therefore, understanding how schooling behaviour is modulated by hypoxia is fundamental to increasing our ability to predict the effect of hypoxia on the ecology of fish.
The effects of hypoxia on fish physiology and behaviour
When hypoxia cannot be avoided, fish may show a number of physiological responses that increase their chance of survival. These include an increased oxygen uptake at the gills, transport in the blood and release at the tissues [22] [23] [24] . Although such physiological responses may alleviate the effect of hypoxia in the short term, if hypoxia persists, it will reduce the aerobic scope for activity by decreasing the maximum metabolic rate (MMR) (figure 1; [13, 25, 26] ). In hypoxia, fish maintain oxygen uptake at or slightly above the standard metabolic rate (SMR, i.e. the minimal rate of oxygen uptake required to support essential maintenance functions in ectotherms [25] ). However, other activities such as growth, reproduction and swimming depend on the ability to increase oxygen uptake above the SMR, and within the limits of aerobic metabolic scope (MS is calculated as the difference between the MMR and the SMR [25, 27, 28] ). Thus, hypoxic limitations to MS may limit a fish's ability to perform activities beyond essential maintenance. Accordingly, previous work demonstrated the limiting effect of hypoxia on the aerobic swimming performance of fish. For example, a number of studies showed a decrease in speed. This was tested using a critical swimming speed protocol under hypoxic conditions [29 -32] . The effect of hypoxia on spontaneous activity has also been investigated. Previous studies have demonstrated how some fish species downregulate and some others up-regulate their speed during hypoxia (see review by Chapman & McKenzie [5] ). As a consequence, the behavioural response to hypoxia involves a trade-off between decreasing swimming activity to lower oxygen requirements and increasing swimming activity to enhance the probability of finding more oxygenated water [5,31,33 -35] . It has been argued that sedentary species tend to decrease their speeds as a result of a general hypoxiainduced decrease in MS, while active species tend to show an increase in their speed as a form of escape response from unfavourable areas [15] . However, more recent work suggests that these species-specific generalizations need to be made with caution, because contrasting responses have also been found within the same fish species [36] . Intra-specific differences in the response to hypoxia are related to routine metabolic rate (the oxygen consumption measured during routine activity). For example, individual European sea-bass having a high routine metabolic rate show a greater change in activity during hypoxia [36] .
Hypoxia has been linked to altered distributional patterns of fish populations. Fish can sense ambient DO levels [4, [37] [38] [39] [40] and various fish species were found to choose normoxic over hypoxic water [4] . The hypoxia avoidance response differed among species, with some species exhibiting an avoidance threshold, while others exhibited a graded avoidance response (i.e. a significant preference for the higher oxygen concentration at oxygen levels below 4 mg O 2 l 21 in a choice-tank experiment) [4] . When a fish is in a hypoxic area, it may move through a spatial gradient in DO that can lead it away from the hypoxic area. However, moving towards a new area that is suboptimal in terms of other abiotic and biotic factors (e.g. temperature, salinity and predation risk) can be costly and it may be more advantageous to stay in hypoxic waters [41] [42] [43] [44] . In addition to finding more oxygenated waters, some species can perform aquatic surface respiration (ASR), whereby individuals swim close to the surface and ventilate their gills with the relatively oxygenated water that is in contact with the air [5, 41, 45, 46] . More specialized species, typical of tropical habitats, are air breathers that possess a vascularized air-breathing organ [47] . Air breathing is believed to have evolved as a response to aquatic hypoxia [47] and allows fish to live in chronically hypoxic water without any limitations on their ability to perform activities such as exercise and digestion. caught by aerial predators, and increased activity is known to be associated with a decrease in vigilance and an increase in conspicuousness that put prey at a high risk of being captured by predators [48] [49] [50] [51] . Indeed, many prey species were found to synchronize their ASR events in order to minimize predation risk as a result of the confusion effect [35, 52] . Interestingly, shoaling grey mullets tend to spend more time performing ASR in hypoxia, at 15% air saturation (the highest oxygen saturation at which ASR was observed) than solitary individuals, possibly because of the lower perceived risk of predation in shoaling individuals [35] . Hypoxia was found to have other sublethal effects on fish behaviour, particularly in terms of predator avoidance. The vulnerability of various species of fish increases in hypoxia when attacked by predators that are tolerant to hypoxia [53] . Grey mullets (Liza aurata) and European sea-bass (Dicentrarchus labrax) were found to decrease their escape performance when exposed to progressive hypoxia [54, 55] . Both species showed a lower responsiveness to a startling mechanical stimulus. Grey mullet also showed a decrease in locomotor performance while both species showed an impairment in directionality, and thereby lost the ability to turn away from a threat when exposed to hypoxia. Escape responses in fish are facilitated by anaerobically fuelled muscles [56] [57] [58] ; thus the hypoxia-related impairment is most probably due to a malfunctioning at the neuro-sensory level rather than to the impairment of muscle function [15] . Interestingly, exposure to hypoxia also affects the behavioural lateralization of staghorn sculpins (Leptocottus armatus), suggesting that hypoxia may have a negative effect on directional control in a number of behavioural tasks [59] .
Schooling behaviour: energetics and the effect of hypoxia
About one-quarter of the fish species live their entire life as part of a shoal, and about half of the fish species live in aggregation during some stage of their life [60, 61] . Schooling fish can often be subjected to hypoxic conditions [62] [63] [64] ; therefore, it is relevant to consider the response of whole schools to hypoxia, in addition to that of individual fish. Moreover, fieldwork has demonstrated that DO decreases through the axis of motion in large schools as a consequence of the oxygen consumed by the individuals swimming at the front of the school [65, 66] . Hence, individuals swimming at the back of the school are more likely to encounter hypoxia than those swimming at the front of a school, although they are also those with the highest hydrodynamic advantages (as we shall see in §3a). In this context, understanding the effect of hypoxia on the energetics and behaviour of schooling fish is important because hypoxia generates a number of trade-offs with respect to school dynamics and positional preferences.
(a) Hydrodynamic advantages of swimming in a school
A possible advantage of swimming in a school is the energy saved due to hydrodynamic effects of swimming in the wake of other fish. Such advantages are discussed here because they are relevant to the energetics of swimming in schooling fish, and because they can provide an important component in determining the shape of the school and the positional preference in schooling fish under hypoxic conditions.
A fish which is swimming using axial locomotion, i.e. in the body-caudal fin mode (BCF) [67] , sheds a series of counter-rotating vortices (reverse von Karman street [68] ). This vortex street is a two-dimensional simplification of the actual flow field shed by each fish. In three dimensions, these vortices are connected forming a chain of vortex rings [69] . Previous studies hypothesized that, within a school, trailing individuals could exploit the vorticity produced by fish swimming ahead of them to reduce their own cost of forward motion [70, 71] . Weihs [71] developed a model which describes how fish can save energy by swimming in a school. According to Weihs, the optimal configuration is that of fish swimming in discrete layers. In each layer, the model predicted that the energy needed to swim behind another fish is increased [71] . However, the energy needed to swim at the speed of the whole school is lowest at an angle of about 308 relative to the fish in front (figure 2) [68, 71] . Hence, the optimal configuration corresponds to a diamond pattern, in which the second row is predicted to save 50% of energy compared with the leading fish.
Laboratory observations of the three-dimensional structure of schools of saithe, herring and cod [72] , however, did not confirm the diamond pattern hypothesized by Weihs [71] , although some observations of small schools did show a similar pattern [73] . Despite the fact that fish generally do not seem to school in a diamond pattern, the possibility that the vortex street shed by single fish in a school may be exploited by neighbours has been supported by other studies based on the tail-beat frequency (TBF). The speed of BCF swimming fish is strongly related to their TBF [69, 74] . Work comparing the TBF of trailing and leading fish shows that, for any given speed, trailing fish show 7-14% lower TBF than leading fish [75] [76] [77] [78] . The reduction in TBF is likely to result from the positive effects of the vortices shed by neighbouring fish, although more work based on flow visualization (digital particle image velocimetry (DPIV)) would be necessary to quantify the relationship between vorticity and change in the TBF. This rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160236 difference in the TBF corresponds to a 9-23% reduction in oxygen consumption [75] [76] [77] [78] . This is much lower than the 50% originally hypothesized by Weihs [71] , possibly because the spacing and angles between neighbouring fish are not as rigid as in Weihs's model [71] , but involve rather complex positioning dynamics [72] . Work on fish swimming using their pectoral fins (the labriform striped surfperch, Embiotoca lateralis) suggests that fish swimming in this mode can also save energy by swimming in a trailing position within a school with a reduction in the TBF of 14.9 + 3.2% and calculated MO 2 of 25.6% [79] .
Other studies comparing the oxygen consumption of single fish versus that of fish in a group have shown that the calculated MO 2 of a group composed of N individuals is lower than the sum of N single fish. This may, however, also be related to the calming effect of being in a group [80, 81] ; therefore reliable estimates of the energetic advantage of swimming in a school need to take into account kinematic analyses in addition to metabolic measurements. A study by Abrahams & Colgan [82] circumvented the problem of the confounding, calming effect by comparing a school of fish with single fish that were separated from their neighbours with clear partitions (i.e. in visual but not hydrodynamic contact) [82] . They found that fish in a school saved about 13% compared with the sum of fish swimming individually.
Recent theoretical and empirical work suggests that the energy saved by fish swimming in a school is not confined to the individuals that are trailing [78, 83] . Marras et al. [78] compared the TBF and the tail-beat amplitude (TBA) of single and schooling fish in various positions compared with the nearest neighbour (figure 3). The TBA did not vary in relation to speed, position or the TBF. However, the TBF was reduced in trailing versus leading and in schooling fish compared with solitary fish. Using the relationship between the TBF and oxygen consumption, they found that schooling fish in any position had reduced costs of swimming, compared with when they swam at the same speed but alone. Although fish swimming behind their neighbours save the highest proportion of energy (about 20%; figure 3c), even fish swimming ahead of their nearest neighbour (including those swimming at the front of a school) were able to gain a net energetic benefit over swimming in isolation (about 10%; figure 3c). Further work employing DPIV would be necessary to elucidate the physical dynamics that allow leading fish to save energy while schooling. Marras et al. [78] hypothesize that the energetic advantages in leading fish may be related to the zone of high pressure generated in front of a swimming fish, which could cause an effect similar to the bow riding process exploited by pilot fish swimming in front of whales [84] , or dolphins swimming in front of ships [85] . Hence, the energetic advantages of swimming in a school may be more widespread among individuals than previously thought, and therefore the benefits of schooling may be more strongly linked to reducing the costs of locomotion than previously believed [78] .
(b) School volume
Progressive exposure to hypoxic water (from normoxia to hypoxia in 30 [86] , 90 [87] and 220 min [34, 62] ) can induce changes in the structure and dynamics of fish schools. The increase in school volume (defined as the three-dimensional space occupied by all the fish in a school) is one of the main changes induced by hypoxia [62] . A larger school volume increases the amount of water and therefore the DO available per member of the school. The individuals at the rear of the school are those with highest benefits derived from an increase in school volume. In fact, the increased cross-sectional area (i.e. width and depth) of the school, coupled with the increased length, can provide a sufficient mixing of water mass which then allows a higher amount of DO in the water. Experiments on schooling herring demonstrated an increase in the water volume per individual from 1.5 length 3 in normoxia to greater than 5 length 3 at 20% oxygen saturation [62] . This change in the water volume available for each individual may be due to a behavioural response (i.e. not physiologically constrained) to hypoxia which allows them to minimize the oxygen stress. Alternatively, it is also possible that the increase in school volume may be a physiological response, due to an alteration in the sensory performance of each school member, thereby increasing the distance from its neighbours [15] . This increase in the school volume was given by the increase in all dimensions of the school (X, Y and Z). Although the horizontal spread of the school increased significantly, compared with normoxia, at 30% oxygen saturation, the school depth was found to be significantly different from normoxia only at 20% or less oxygen saturation [15] . Similarly, Israeli & Kimmel [87] found that hypoxia mainly increased horizontal dimensions, while the school depth remained constant in Carassius auratus. It is therefore possible that the first response of schools to hypoxia is to increase the horizontal spacing between fish. This would allow fish to increase the individual water volume (therefore oxygen availability), while keeping some hydrodynamic advantages from the neighbours swimming in front of them [75, [77] [78] [79] 88 ] (see §3a). Generally speaking, fish swimming in a flat-shaped school can maintain some of the energetic advantages derived from swimming behind neighbours, while fish swimming in different vertical planes would not benefit from such advantages [71, 82] . While it is likely that changes in horizontal orientation may minimize reductions in the hydrodynamic benefits of schooling, we still know very little about how these benefits diminish with increasing distance between neighbours.
While most work on the effect of hypoxia on schooling has been based on progressive exposure to low-oxygen levels, the effect of acute (2 min) versus progressive exposure (90 min) to hypoxia was investigated in schools of anchovies. The rate of oxygen decline was found to modulate the effects of hypoxia on schooling in this fish species [86] . If hypoxia is reached progressively (in 90 min [86] ), no change in schooling behaviour is evident, while a fast and acute decline in oxygen saturation (2 min) can significantly alter the schooling behaviour (e.g. altered swimming speed [86] ). These findings highlight the importance of determining the time course of oxygen level changes in the wild. In fact, if hypoxia is induced by plant and algal oxygen consumption, the temporal change in the DO may be of the order of hours [15] with no clear change in the schooling behaviour. However, if a school swims across an oxygen gradient, the temporal change from normoxia to hypoxia is of the order of seconds, and such a fast change in oxygen levels can alter schooling behaviour [15] . These fast reactions may depend on the peripheral O 2 -sensitive receptors located in the gills [89] .
Unlike most species studied, exposure to progressive hypoxia (time from normoxia to hypoxia 270 min) does not affect the shoal structure of striped surfperch [90] . School structure was measured as the polarity (i.e. the degree of alignment among members of a school) and distance between neighbours [90] . However, surfperch do decrease their activity in hypoxia (figure 4) [90] . Such a decrease in Figure 4 shows examples of highly uniform swimming paths versus those based on erratic swimming behaviour. Low turning rates and high angular correlation translate into an increase in the distance travelled per unit time (i.e. net displacement) [90] . Surfperch exposed to hypoxia showed an 85.1% and 77.4% increase in expected displacement at 20% and 15% air saturation, respectively, despite a reduction in average swimming speed. This increase in net displacement may enhance the ability of surfperch to distance themselves from discrete zones of hypoxia whilst keeping oxygen consumption low as a result of a lowered swimming speed. In addition, the observed decrease in activity and increase in angular correlation may have facilitated group cohesion in severely hypoxic conditions. Cook et al. [90] suggest that changes in the turning behaviour of individual fish can therefore be a fundamental component of the reaction of schooling fish to hypoxia.
(c) School disruption
While one of the first effects of progressive hypoxia is that of an increase in school volume as found in various species (but see [90] for an exception), more severe hypoxia can lead to school disruption (defined as the break-up of the school when fish do not show uniform orientations and are swimming in different directions) [34] . The level of spontaneous activity prior to hypoxia exposure may also modulate schooling behaviour and school disruption. Previous work on herring exposed to progressive hypoxia demonstrated that schools showing higher levels of spontaneous activity broke up earlier (therefore at a higher level of oxygen), when exposed to hypoxia, than schools with a lower level of activity [34] . The occurrence of school dispersion at a higher level of oxygen in fast versus slow swimming schools may depend on the overall exhaustion that fish schooling at high levels of activity accumulate prior to exposure to hypoxia. School disruption in hypoxia occurs at the back end of the school as demonstrated by field studies on the striped mullet [65] . These authors suggested that oxygen decreases throughout the school from the front towards the back and that schools break up and form smaller schools in order to avoid severe hypoxic conditions.
(d) School dynamics
Fish swimming in a school may show positional preferences in relation to a number of behavioural and physiological factors such us hunger level, behavioural lateralization and MS [61, 77, 91] . However, these positional preferences are contextdependent and a certain level of shuffling is common among schooling members [61, 62, 92] . Hypoxia may have an effect on shuffling behaviour. Previous work demonstrated that individual herring in leading positions tended to perform active 'O-turn' manoeuvres that repositioned them at the back of the school [62] . This shuffling behaviour occurred at a frequency of 0.8 per minute per individual in normoxia, while exposure to hypoxia caused this frequency to decrease to less than 0.1 per minute per fish. Although hypoxia appeared to affect these O-turn manoeuvres, it did not inhibit the general shuffling behaviour within the school, as the amount of time individual fish spent in the leading position did not change. It is possible that other mechanisms, such as an increased rate of overtaking or falling back of individual members of the school, may take place in order to maintain the overall shuffling [62] .
(e) Hypoxia modulates the advantages and disadvantages of schooling
Being part of a group versus swimming alone can generate both advantages and disadvantages. These are the first basic trade-offs to consider (table 1). The disadvantages of being part of a school may be represented by the increased attack rate on large groups, the competition for resources and the increased parasite burdens [61] . Furthermore, fish in large schools may encounter hypoxic conditions created by neighbours ahead. However, these disadvantages are outweighed by a number of advantages that include antipredator benefits. Some of these are the many-eyes effect [93] , dilution and confusion [94, 95] . In addition, schooling can confer foraging benefits, provided by group hunting or public information [61] and reduced cost of transport [75, 78] . For each individual, these advantages are modulated by the position occupied within the group (table 1) [61] . This implies a number of trade-offs. The dynamics of schooling (the shuffling rate within the school) may in part allow individuals to change positions according to their needs [96] . Fish swimming at the front of the school have easier access to food than fish in posterior positions and therefore these positions tend to be occupied by hungry individuals [97] . In addition, fish at the back of the large school may experience a significant decrease in oxygen levels compared with fish swimming at the front of the school [65] . However, individuals in these leading positions are more often subject to predatory attacks [98] . Work done using simulated aerial predation shows that fish at the front of the school (i.e. with a high perceived risk of predation) tend to react sooner than fish at the rear of the school to the simulated attacks [99] . Furthermore, swimming at the front of the school does not provide as much of a hydrodynamic advantage as swimming behind a neighbour [78] . However, although it is known that an individual swimming at the very front of the school experiences a higher cost of swimming than a trailing fish, little is known about whether fish behind a single neighbour (i.e. in the second row of the school) experience less hydrodynamic advantage compared with fish behind many neighbours (i.e. at the very back of the school).
The changes in school volume and spacing found in fish exposed to progressive hypoxia [62, 87] may be the result of a number of trade-offs (table 1) . In normoxia, school members are spaced relatively close to each other (typically about 1 body length apart), which was suggested to be the result of opposing forces in relation to the sensory system. These forces are (i) repulsion, related to the lateral line, and (ii) attraction, driven by vision [72] . Such small spacing allows fish to coordinate their motion while avoiding collisions with each other [100] and to gain hydrodynamic advantages [71] . In hypoxia, however, there is an increase in spacing among members. This change in school structure allows individual rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160236 fish to gain access to more DO, but it decreases their sensory performance (as fish are further apart from each other), which may negatively affect the effectiveness of the antipredator manoeuvres. Furthermore, increased spacing is likely to decrease the individual hydrodynamic benefit deriving from swimming at short-range distances. Interestingly, the horizontal spread of the school is the first component to be affected by hypoxia [62] in herring and the only component in C. auratus [87] , while depth was not affected [87] or was affected only at very low-oxygen levels (20%) [62] . An increase in horizontal spread may not be as detrimental for hydrodynamic advantages of schooling as swimming in different planes would be [82] . Indeed, Abrahams & Colgan [82] found that, in the presence of a predator, schools tended to expand vertically, resulting in a higher vigilance because of the unobstructed visual field of each member. Conversely, in the absence of a predator, schools tended to be compressed vertically, presumably to maximize hydrodynamic advantages (table 1) .
Although positional preferences are known to occur and may be related to the physiological and behavioural state of Table 1 . Trade-offs in schooling fish and their relationship with the effects of hypoxia. See text for more details and references. the fish [77, 97, 99] , shuffling may allow individuals to share the advantages of various positions. In hypoxia, individuals swimming at the front swim through water with a higher oxygen level but are at higher predation risk and benefit from lower hydrodynamic advantages compared with the individuals swimming at the back. The active reshuffling found in schools of herring swimming in normoxia, gradually disappeared in hypoxia. However, time spent by various individuals at the front positions did not change in hypoxia, implying that the overall shuffling rate was maintained by overtaking [62] . These results suggest that factors other than oxygen availability (i.e. nutritional state, energetics or predation risk) may be more important than hypoxia in regulating shuffling rates [97, 101] . Most previous work on the effect of hypoxia on schooling was carried out in the laboratory using relatively small schools. It is fundamental to expand such studies to large schools in captivity as well as to field observations. Although the latter are challenging because oxygen levels cannot be manipulated and the observations of large schools in field conditions cannot be based on standard video analysis, recent progress in telemetry and sensors provide a potential avenue for making progress in this field.
Schooling can cause a reduction in oxygen levels (a) Field data: oxygen levels in large schools
Some gregarious species such as grey mullets live in coastal areas, lagoons and estuaries; thus they may be subject to hypoxic conditions seasonally. Furthermore, pelagic species that live in large schools such as herring have been reported in hypoxic areas like the Kattegat and some Norwegian fjords [62 -64] . According to Dommasnes et al. [63] , large schools of herring may have been the main cause of hypoxia in wintering areas. The idea that schooling fish may consume oxygen as they swim and that the oxygen level within the school may decrease from the front to the back was suggested in the 1960s [102] . Kalle [102] reasoned that critical reduction in oxygen levels within a school may occur under the following conditions: (i) when turbulence is at a minimum; (ii) in calm weather; and (iii) while the school is stationary (for example, within the spawning grounds). Mcfarland & Moss [65] provided the first field data showing that oxygen levels tend to decrease even when a school is moving, and that the decrease can be measured along its axis of motion as a result of the oxygen consumption by the fish at the front of the school (figure 5). They measured oxygen levels throughout large schools of Mugil cephalus that were swimming off the coast of Texas, USA, and found that the oxygen level decreased from about 7.2 mg l 21 at the front of a 150-m long school, to about 5.2 mg l 21 at the rear of the school. This corresponds to about a 28% reduction in oxygen level. Green & McFarland [66] measured oxygen level in schools of blacksmiths (Chromis punctipinnis) of different school sizes (from 10 to thousands of individuals) while they were swimming against a current. They found that oxygen levels decreased from 7.8 mg l 21 upstream of the school to 6.9 mg l 21 behind the largest school (about 20 000 individuals), corresponding to approximately an 11% decrease. Although an 11% decrease may seem like a relatively small change, schools in open areas can be composed of a much higher number of individuals and therefore the drop in oxygen content at the back of larger schools may be much more severe as found in previous work by McFarland & Moss [65] . Green & McFarland [66] also found an increase in ammonia at the back of the school, probably the result of fish metabolism. Similarly, an increase in P CO 2 (and concomitant decrease in pH) may be expected at the rear of a large school as a result of the metabolism of all the school members. However, McFarland & Moss [65] did not find a significant reduction in pH at the rear of the school, possibly because of limitations in their equipment or because of the effective buffering capacity of the seawater. Although field observations are limited, it is theoretically possible that, in addition to a decrease in oxygen, other metabolic effects, such as an increase in ammonia and a decrease in pH, may affect fish behaviour in a school [86] . While a reduction of 10-30% in the oxygen level such as that found in these studies may not be a problem if a school was swimming in normoxic waters, if a school of this sort were to swim in waters that were already hypoxic, a further reduction in the oxygen level may not be sustainable. Even at relatively high levels of oxygen, McFarland & Moss [65] observed that the rear portion of a large school broke into several small schools and swam off in various directions (see inset in figure 5a). These authors suggest that school disruption was caused by the reduction in oxygen observed at the rear of the school.
McFarland & Moss [65] and Green & McFarland [66] provide the only observations, of which we are aware, that have measured oxygen levels within a school in the field. Further work with modern technology, such as oxygen sensors/ data logger on a fish or ROV, would be necessary to test the relationship between oxygen levels and position within a school. From an ecological perspective, it would be useful for fisheries as well as for conservation purposes to have field data coupled with models that can predict the size limits of schools swimming in hypoxia, as well as predicting potential behavioural effects on individual fish.
(b) Modelling school size and shape in relation to oxygen levels
Here, we briefly review a number of approaches that have been used in the past to relate the effect of oxygen levels to school size and shape. These models vary in their approach, which may or may not include considerations of the oceanographic principles of water mixing and resultant reoxygenation, realistic physiological measures based on speed-dependent oxygen consumption, inclusion of energetic advantages of schooling and considerations of optimal school shapes. Stocker [104] provides an attempt to model how oxygen consumption may limit school size. Stocker [104] modelled the maximum number of fish in a school of tuna, based on their (fixed) metabolic rate, speed and energy saving, though neglecting to consider the replenishment of oxygen due to the mixing with water coming from outside the school [104] .
The oxygen available to a fish in a school is
where U eff is the effective speed (assumed to be 50% for every second row) if fish are using energetic savings based on hydrodynamic advantages of schooling, A is the oxygen rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160236
capture cross section of a given fish and C ox is the oxygen concentration in the water. The oxygen needed for n fish in a consecutive row can be calculated as and E O2 is the oxycaloric equivalent (energy divided by oxygen consumption).
To calculate the maximum school length, the maximum number of fish (n max ) can be determined as
Based on this equation and the assumptions above, Stocker [104] found that a school of 53 cm long yellowfin tuna rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160236 could be 58 m long (108 fish in a single row), while a school of 47 cm skipjack could be 68 m long (145 fish in a row). If one considers energy saving (based on Weihs [71] ) as part of the model, school length can increase by about 4/3 according to Stocker [104] . The limitations of the model mainly reside in the assumptions of no replenishment of oxygen due to the mixing with water from outside the school. Furthermore, recent work on energy savings suggests values (see §3a) that are much lower than the 50% originally suggested based on a theoretical basis.
Another study modelled the changes in oxygen levels throughout a school of grey mullet, which includes the replenishment of oxygen through mixing [103] [103] found that advection processes dominated within the school, causing a linear decrease in oxygen levels with distance from the front of the school. However, at the trailing edge, diffusivity becomes important, resulting in a relatively fast recovery of oxygen levels. For a 150 m long school, the distance from the trailing edge to the rear of the school, where oxygen returned to the values measured ahead of the school, is about 45 m (figure 5) [103] . Based on this model, even in pelagic areas, large schools are likely to leave a trail of water behind them containing lowered oxygen levels, which can be as long as a third of the school itself. A more recent model was developed to predict the optimal shape of a school (i.e. roughness, calculated as surface/volume of the school); this optimal shape was then compared with field data [105] . Brierley & Cox [105] reasoned that if predation was the only force affecting shoal shape, a sphere should be the optimal shape because this would allow the largest possible proportion of individuals to occupy internal, sheltered positions away from the edge. However, field measurements report that schools are not usually spherical, but rather tend to show a roughness (measured in m
21
, as the ratio surface area : volume) of approximately 3.3 m
. According to Brierley & Cox [105] , this shape corresponds to the one that optimizes shelter from predation and oxygen availability. The model developed by Brierley & Cox [105] , however, does not specifically distinguish between moving schools and steady schools. As we have seen in §3a, swimming can induce hydrodynamic advantages and therefore not all fish in a school would be consuming the same amount of energy and oxygen. Furthermore, oxygen availability is higher for fish at the front of a swimming school than for those at the rear. These effects may introduce further factors affecting the shape of a moving school. Furthermore, many hypoxia-induced behaviours (increases in inter-individual distances, and increases in horizontal dimensions; see §3b) are in contraposition with those induced by the presence of a predator. Therefore, it would be interesting to model how fish schools may change their behaviour in various environmental situations and under different predator pressures. To be realistic, such models would need to include both the advection-diffusion effects for oxygen remixing in the water and the energetic savings of fish swimming in various positions.
Conclusion
Despite the large amount of work done during the past two decades in terms of understanding the costs and benefits of schooling and the rules underlying the behaviour of individuals as part of a school, as well as of schools as a whole [61, 106] , very little is known about the effect of environmental (abiotic) factors on schooling behaviour. We know that light, for example, has a major effect on schooling through its effect on vision, and a threshold for schooling was found for various species [107] [108] [109] . Accordingly, turbidity also has a negative effect on schooling due to its interference with vision [110] . Furthermore, weather conditions were suggested to affect school structure [111] and temperature can affect the choice of shoal size under predator threat [112] .
At the same time, major efforts have been devoted to understanding the effect of climate change on fish behaviour. The main abiotic factors (stressors) affected by climate change (temperature, acidification and hypoxia) were shown to induce behavioural changes at various levels, from predator-prey interactions to habitat selection, spontaneous activity and sensory performance [41, 113, 114 ]. Yet, with the exception of hypoxia, schooling has rarely been considered among the behaviours affected by such climate change-related factors. In this review, we discuss what is known about the effect of hypoxia on schooling behaviour. However, in order to make further progress in our study on the potential effects of climate change on fish behaviour, we also need to carry out research on the effects of acidification and temperature on schooling, which is arguably a fundamental behaviour for many fish species. Furthermore, in order to evaluate the impact of climate change on the behaviour and physiology of marine organisms, one needs to consider simultaneous multiple stressors [113] . In addition, work which uses an experimental approach could be integrated with work based on physiology and behaviour-based modelling in order to increase our ability to predict the ecological effects of climate change [115] [116] [117] [118] . Thus, the integration of the effect of hypoxia on schooling with those of temperature and acidification will be fundamental to understanding interactions between multiple stressors, as this is considered a key step for a better assessment of the ecological repercussions of climate change [113, 119] .
